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 Influence of Cl on MgSO4 attack is temperature and binder type dependent.
 Cl aggravates MgSO4 attack when blast-furnace slag is used.
 At 5 C chlorides in MgSO4 environment increase deterioration regardless binder type.
 At 5 C thaumasite degradation in presence of Cl and MgSO4 is severe in all cases.a r t i c l e i n f o
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Sulphate containing environments are aggressive and cause damage to cementitious materials by means
of cracking, spalling and strength loss. In realistic conditions, sulphates may be found in combination
with e.g. chlorides. Therefore, to predict concrete’s durability, it is important to understand the (com-
bined) attack mechanisms and estimate their effect.
This study aimed to elucidate especially the influence of chlorides on magnesium sulphate attack at
two different relevant temperatures (5 C and 20 C) and for mortars with different binders, including
ordinary Portland cement (OPC), high-sulphate resistant Portland cement (HSR) and a binder composed
of 50% blast-furnace slag (BFS) and 50% ordinary Portland cement. Mass change measurements were per-
formed to examine the influence of Cl on MgSO4 attack, and XRD-analyses to identify phase changes.
It can be concluded that the influence of Cl on MgSO4 attack is temperature and binder type depen-
dent. The presence of chlorides does not affect deterioration due to magnesium sulphate for OPC and HSR
at an environmental temperature of 20 C, however, it increases the degradation when BFS is used as par-
tial binder and/or when temperature decreases to 5 C. The presence of BFS decreases the formation of a
protecting brucite layer and favours decomposition of calcium silicate hydrates to magnesium silicate
hydrates. At 5 C the degradation involves thaumasite formation, and is more equal for the different bin-
ders and quite severe.
 2017 Elsevier Ltd. All rights reserved.1. Introduction
When water contaminated with sulphates penetrates into con-
crete by means of diffusion or capillary suction, severe deteriora-
tion such as cracking, spalling, increased permeability and
strength loss occurs. Nevertheless, it is a long-term process. Quite
some literature is found about single sulphate attack, mainly tested
by means of sodium sulphate or magnesium sulphate. Notwith-
standing, in realistic environments sulphate attack occurs con-comitantly with other deterioration mechanisms such as chloride
ingress. It is remarkable that few literature is found about com-
bined attack mechanisms. This paper focuses on the influence of
chlorides on magnesium sulphate attack for different types of mor-
tar at different environmental temperatures. In a previous paper by
the authors [1], the influence of chlorides on sodium sulphate
attack is described.1.1. Single sulphate attack
Sulphates (SO42) will chemically bind with the hydration prod-
ucts of the binder, namely calcium silicate hydrate (CSH), calcium
hydroxide (CH) and calcium aluminate hydrates (C3A). These
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ondary gypsum, secondary ettringite, thaumasite and brucite [2].
Gypsum is a reaction product from CH or CSH, SO42 and water.
It is generally assumed that its formation leads to reduction of stiff-
ness and strength, expansion and cracking and eventually to trans-
formation of the material into a mushy and non-cohesive mass
[11]. In addition, secondary ettringite yields from the reaction
between SO42, Ca2+ and monosulphate (C4ASH12). It has the ability
to swell strongly, which results in a densification of the
microstructure followed by internal stresses that lead to cracking
and destruction of the concrete [3]. Whether gypsum formation
results in expansion is disputed in literature [4]. Roziere et al. [5]
and Santhanam et al. [6] mention that ettringite as well as gypsum
have an expansive and destructive character, while Schmidt et al.
[7] claim that the contribution of gypsum is limited while the
expansion of ettringite dominates. As described by Kunther et al.
[8], deterioration due to expansion of the reaction products will
only occur when there is a coexistence of ettringite and gypsum.
Next to the volume increase, which is prerequisite for expansion,
also supersaturation in the pore solution and the stresses exerted
by the formed minerals are decisive. In addition, thaumasite for-
mation leads to strength loss and decomposition of the microstruc-
ture. Thaumasite is formed as sulphates or ettringite react with
CSH, CO32, Ca2+ and excess water. It is generally assumed that
thaumasite is formed at temperatures below 15 C [11].
In the specific case of magnesium sulphate attack, as schemat-
ically shown in Fig. 1, the interaction between hydrated cement
paste and a MgSO4 solution is a reaction between this salt and
CH of the paste, yielding gypsum as well as brucite, Mg(OH)2
[3,9]. Brucite is practically insoluble and its formation lowers the
pH of the pore solution which destabilizes CSH. Ultimately, this
phase converts to an amorphous hydrous silica (SiO2 – silica gel)
or to a magnesium silicate hydrate (MSH) [2,10,11]. In addition,
CH is released in the solution. CH reacts again with MgSO4 and
the process proceeds [9]. Mg2+can also replace Ca2+ from CSH
and form MSH [3,9,10]. MSH causes strength loss and expansion
while brucite forms a protective layer, which slows down the
degradation process [12–14].
The rate of external sulphate attack is largely influenced by the
accessible porosity, porous microstructure and permeability of the
concrete, the sulphate concentration in the external medium in
contact with the concrete, the C3A content of the cement and theFig. 1. Reactions taking place between Portland cementuse of additions. In turn, these factors are influenced by the type
of cation, pH, and temperature of the medium.
Concerning the cation type, it seems that this also has an influ-
ence on the OH concentration. E.g. Na2SO4 and MgSO4 have oppo-
site effects on the pore solution alkalinity. Na2SO4 increases the
alkalinity while MgSO4 reduces it. The latter has been shown
recently by De Weerdt et al. [15].
With regard to the effect of the binder type, Gollop and Taylor
[17–21] showed that the replacement of cement by slag reduces
the degradation due to sulphate attack and attributed this positive
effect mainly to the dense microstructure. The latter is confirmed
by other researchers [2,16]. Brown et al. [16] showed the effective-
ness of BFS in case of Na2SO4 and MgSO4 solutions, other research-
ers e.g. Higgins [13] and Taylor [22] only mentioned a higher
effectiveness of BFS in case of exposure to Na2SO4 solutions. Con-
trarily, the effect of partial replacement of OPC is not always posi-
tive. According to Rasheeduzzafar et al. [23] deterioration in BFS
samples exposed to MgSO4 solutions exceeds the deterioration
observed in OPC samples. Because the CH is consumed by the poz-
zolanic reaction, the sulphates and the magnesium ions will react
directly with the CSH resulting in a cohesionless MSH [24]. Fur-
thermore, it is clear form literature that thaumasite formation
can be favoured in case of partial cement replacement by BFS
[25]. The damage to concrete due to thaumasite formation is usu-
ally profound and is mainly due to the decomposition of the CSH
phase, resulting in a loss of strength of the material.
1.2. Combined attack of chlorides and sulphates
According to Al-Amoudi et al. [26] the presence of chlorides
may intensify or mitigate sulphate attack, or it may have an
insignificant effect. They have added high volumes of sodium chlo-
ride (15.7% Cl) to mixed sodium and magnesium sulphate solu-
tions, with sulphate concentrations of 2.1% SO42 in which half of
the sulphates came from sodium sulphate and the other half from
magnesium sulphate. While monitoring expansion and strength
reduction, they noticed that the deterioration was reduced by the
addition of chlorides to the sulphate solution. The cement type
did not have a major effect for cements with C3A contents varying
between 3.5% and 8.5%. Replacement of part of the OPC by BFS had
a marginal beneficial effect. Abdalkader et al. [27] performed tests
on mortars at 5 C immersed in solutions containing 6 g/l SO42components and magnesium sulphate solution [12].
Table 1
Chemical composition, Blaine fineness, water content and density of the cement types
and blast-furnace slag.
Content [%] CEM I 52.2 N CEM I 52.2 N HSR BFS
CaO 63.37 63.90 41.24
SiO2 18.90 21.62 36.37
Al2O3 5.74 3.53 9.83
Fe2O3 4.31 4.05 0.26
SO3 3.34 2.40 1.62
MgO 0.89 1.82 7.41
K2O 0.73 0.51 0.41
CO2 0.50 0.34 0.90
Na2O 0.47 0.15 0.28
Cl – 0.026 0.02
Sulphide content – 0.05 0.79
Insoluble residue 0.41 0.48 0.43
Loss on ignition 1.51 0.95 1.30
Blaine fineness [m2/kg] 353 – 394
Density [kg/m3] 3122 – 2830
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observed that the combined solution lead to a more pronounced
sulphate attack compared to a pure sulphate solution, because of
the enhanced thaumasite formation in presence of chlorides.
Zuquan et al. [28] used a combined solution of 5% Na2SO4 and
3.5% NaCl at 20 C and stated that the addition of chlorides resulted
in less severe deterioration.
As literature contains only few and inconclusive results regard-
ing the effect of chloride presence during sulphate attack, this
study aimed to elucidate especially the influence of chlorides on
magnesium sulphate attack at two different relevant temperatures
(5 C and 20 C) and for mortars with different binders (ordinary
Portland cement, high-sulphate resistant Portland cement and a
binder composed of 50% blast-furnace slag and 50% ordinary Port-
land cement).
In the current research, accelerated tests were conducted in the
laboratory by increasing the sulphate and chloride concentration of
the test solution. The influence of chlorides on magnesium sul-
phate attack was examined by measuring mass change of speci-
mens immersed in single ion and combined solutions at 20 C as
well as at 5 C. In order to identify the phase changes the samples
were analysed by means of XRD.
In practice, combination of chlorides, magnesium and sulphate
ions mainly occurs in marine environments. Still, in a real marine
environment even more deterioration mechanisms occur simulta-
neously, and the study of the aggressiveness of the marine environ-
ment therefore is highly complex. In Alexander et al. [10] following
mechanisms are mentioned for marine environments: corrosion,
sulphate attack, magnesium ion substitution, abrasion and erosion,
frost damage, carbonation, salt crystallization. In this study, the
focus is on the combination of a few of these actions in order to
better understand their combined effect.
It is worth mentioning that reports on degradation on real con-
crete structures in seawater are scarce and some authors claim that
damage in real marine structures is limited. E.g. Jakobsen et al. [29]
found for concretes from marine-exposed trial elements and con-
crete structures in Denmark and Norway, subjected to sea water
for periods between 2 and 34 years, the absence of macroscopic
damage. This suggests that the phase changes they observed in
the submerged concrete lead to none or only minor scaling. This
was independent of whether the binders of the concretes were
sulphate-resistant or not, and this therefore indicates that, rather
than sulphate attack, sea water seems to cause mere sulfur enrich-
ment. However, it should be noted that the samples tested were
taken from visually intact parts of the structures, i.e. without
coarse cracking or macroscopic scaling.Table 2
Overview of the sulphate test solutions.
Influence of Cl on SO42-attack
Ref. 1 50 g/l Na2SO4
Comb. 1 50 g/l Na2SO4 + 50 g/l NaCl
Ref. 2 42.5 g/l MgSO4
Comb. 2 42.5 g/l MgSO4 + 50 g/l NaCl2. Materials and methods
2.1. Materials
To examine the effect of the binder type on the degradation by
combined chloride - sulphate solutions, three different binders
were compared: Ordinary Portland cement (OPC), High-Sulphate
Resistant Portland cement (HSR) and a binder composed of 50%
Blast-Furnace Slag (BFS) and 50% OPC (S50). The water-to-binder
factor (W/B) was maintained at 0.45 and the water-to-sand factor
was maintained at 0.15. Mortar cubes of 20 mm side were pre-
pared and cured at 20 C and 95% R.H. until the age of exposure.
The open porosities of the different samples at 28 days, determined
by means of a vacuum saturation test cf. NBN EN 1936, were quite
similar and amounted to 12.04 ± 0.09, 11.81 ± 0.43, and
11.98 ± 0.02 vol-% for OPC, HSR and S50, respectively.
In Table 1 the chemical composition of the Portland cements
and the slag is shown, determined in accordance with NBN EN196-2 [30] and using Wavelength Dispersive X-ray Spectroscopy
(WD-XRF). Blaine’s fineness and density of the cement and slag
are shown as well. The slag meets all the requirements mentioned
in NBN EN 15167-2 [31] and in the Belgian guidelines for a techni-
cal approval for BFS. According to EN 197-1 [13], the C3A-content
for HSR cement is limited to 3%. The C3A-content for the used high
sulphate resistant cement was calculated by using the Bogue equa-
tions and amounted to 2.50%, which meets the standard. For OPC
the C3A-content was 7.92%.
2.2. Methods
The mortar cubes were immersed in the test solutions at the age
of 28 days. One day prior to exposure, all the specimens were vac-
uum saturated with a 4 g/l Ca(OH)2 solution. The vacuum was kept
for 3 h before the saturated Ca(OH)2 solution was added. After the
solution covered the samples, the vacuum was persevered for one
hour more and another 18 ± 2 h of immersion at atmospheric pres-
sure. Afterwards, the specimens were placed in the test solutions,
namely a 50 g/l Na2SO4 (Ref. [1]) or a 42.5 g/l MgSO4 solution
(Ref. [2]) on the one hand and a 50 g/l Na2SO4+50 g/l NaCl
(Comb. 1) or a 42.5 g/l MgSO4+50 g/l NaCl solution (Comb. 2) on
the other hand (Table 2). Every solution was stored at an environ-
mental temperatures of 20 C and the MgSO4 solutions were stored
at 5 C as well. The samples were stored in closed plastic contain-
ers, in completely submerged conditions, and with a volume solu-
tion / volume of samples ratio of around 4. Solutions were replaced
after every measurement and the pH remained between 6 and 8.
The results concerning Ref. 1 and Comb. 1 at 20 C are described
in a previous paper of the authors [1]. These results are mentioned
in the current paper for reasons of comparison with the new
results.
The Na2SO4 concentration is conform the ASTM C 1012–4 stan-
dard (2004), the concentration of the added NaCl is equal to make a
clear distinction between the single-ion solution and the multi-ion
solution. In addition, the MgSO4 concentration was determined to
have the same SO42 concentration as a 50 g/l Na2SO4 solution,
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real seawater, where the sulphate concentration ranges rather
between 0.5 and 6 g/l and the chloride ion concentration between
3 and 40 g/l [10].
Although increased concentrations are used in most laboratory
studies to keep the time frame of testing within the time period of
a normal project (in the current case tests have been running for
20 months) it has been discussed in literature that such increased
concentrations may affect the formation of reaction products. For
MgSO4 solutions, ettringite is produced at low concentrations
(<4 g/l SO42), ettringite and gypsum both arise at intermediate
concentrations (4–7.5 g/l SO42) and Mg deterioration dominates
at high concentrations (>7.5 g/l SO42) [32].”Immersion time [Days]
Fig. 2. Mass change as a function of the immersion time in a 42.5 g/l MgSO4
solution at 20 C.
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After vacuum saturation, the mass of the mortar cubes, which
were wiped surface dry, was measured as a reference, mref. Next,
the specimens were immersed in the sulphate test solutions. At
least 6 specimens were tested per configuration.
From then on, the mass of the specimens mx was measured at
different time intervals: every 2 weeks until 8 weeks immersion,
then every month until 6 months immersion and then every 4–
5 months until 20 months immersion. Consequently, the mass
change was calculated according to Eq. (1):
Mass change ½% ¼ mx mref
mref
 100 ð1Þ
Before every measurement, the cubes were wiped surface dry.
Immersion time [Days]
Fig. 3. Mass change as a function of the immersion time in a combined 42.5 g/l
MgSO4 + 50 g/l NaCl solution at 20 C.
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To perform XRD-analysis, layers of 3–5 mm of the cubes
immersed for 20–24 weeks were crushed to pass a 74 mm sieve.
Since the internal standard approach was selected for absolute
phase quantification and estimation of the amorphous or non-
identified phase content by XRD analysis [33–35], a 10 wt% ZnO
internal standard was added to the obtained powder. Finally, the
powders were side-loaded into the sample holders to reduce pre-
ferred orientation effects. The XRD data were collected on a
Thermo Scientific ARL X’tra diffractometer equipped with a Peltier
cooled detector. Samples were measured in h/2h geometry over an
angular range of 5–70 2h (CuKa radiation) using a 0.02 2h step
size and 1 s/step counting time. Afterwards, XRD-measurements
were quantitatively analysed by means of the Rietveld method
for whole-powder pattern fitting to investigate the reaction pro-
duct formation. Topas Academic V4.1 software was used for Riet-
veld refinement [35,36].Fig. 4. Mass change in function of immersion time in a 42.5 g/l MgSO4 at 5 C.2.5. Statistical analysis
Statistical analyses were applied to determine whether the
means of the different test series were significantly different from
each other or not. To compare two means with each other, t-tests
with a significance level of 0.05 were applied. Otherwise, analysis
of variance tests (ANOVA) were performed preceded by a Levene’s
test (level of significance = 0.01) to verify the homogeneity of the
variances. If equal variances were assumed, a Student-Newman-
Keuls test (S-N-K test) was used (level of significance = 0.05). In
the case of non-homogeneous variances, a Dunnet’s T3 Post-Hoc
test (level of significance = 0.05) was used.3. Results
The results of the mass change measurements regarding mag-
nesium sulphate attack and the influence of chlorides are shown
in Figs. 2–5.
3.1. Storage at 20 C
From Fig. 2 it becomes clear that OPC, HSR and S50 undergo a
decrease of the mass after storage in Ref. 2 at 20 C. The mass
change is most clear for OPC followed by HSR, showing a loss of
6.4% and 3.7% respectively. The mass loss for S50 amounts to
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Fig. 5. Mass change as a function of the immersion time in a combined 42.5 g/l
MgSO4 + 50 g/l NaCl at 5 C.
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for OPC and HSR. Already from the first measurements, small mass
losses were obtained for OPC and HSR. However, these are only sig-
nificantly different from the initial mass after 340 days of immer-
sion. In addition, no statistically significant differences were
noted between the mass loss for OPC and for HSR up to 450 days
immersion.
Next, Fig. 3 gives the mass change results in function of immer-
sion time in the combined solution of 42.5 g/l MgSO4+50 g/l NaCl
(Comb. 2) at 20 C. As can be seen in Fig. 3, S50 is most influenced
in terms of mass loss in these conditions. The mass had decreased
by 26.4% after 620 days immersion compared to the initial mass.
Immersion periods shorter than 200 days did not cause any clear
mass change. Regarding the mass change of OPC and HSR during
immersion in Comb. 2, it seems that this is in the same order of
magnitude as the mass loss observed during 620 days in Ref. 2.
3.2. Storage at 5 C
The mass changes for OPC, HSR and S50 specimens immersed in
42.5 g/l MgSO4 (Ref. 2) at 5 C are visualised in Fig. 4. It can be
observed that OPC is subjected to the largest mass loss compared
to HSR and S50, namely 6%. This is significantly more than the
mass losses for S50 and HSR, being 2.1% and 1.3%, respectively.
After 620 days immersion, the latter two are not significantly dif-
ferent from each other. Nevertheless, the general trends and values
are similar to those observed after immersion in the same solution
at 20 C.
Fig. 5 shows the results for OPC, HSR and S50 mortar after
immersion in a 50 g/l MgSO4+50 g/l NaCl solution (Comb. 2) stored
at 5 C. No statistically significant differences were measured
between OPC, HSR and S50 at any immersion time up to 620 days.
Notwithstanding, significant mass losses are measured after
620 days immersion compared to the initial masses: 12.2%, 11.5%
and 15.1% for OPC, HSR and S50 respectively. These values are
clearly larger than for the pure MgSO4 solution (Ref. 2) at 5 C.
No clear changes were noticed up to 200 days immersion which
is similar to the test configuration at 20 C. Nevertheless, the gen-
eral trends are different from the trends determined after immer-
sion in a similar solution but stored at 20 C. On the one hand S50
shows more mass loss at 20 C than at 5 C, but on the other hand,
mass loss of OPC and HSR is increased after storage at 5 C com-
pared to storage at 20 C.3.3. Comparison between MgSO4 and Na2SO4 degradation
In this part, the influence of the cation associating the sulphate
ion is described per mortar mixture. The graphs, as shown in Fig. 6,give an overview of the mass changes per mortar mixture, namely
OPC, HSR and S50, when immersed in the different test solutions
stored at 20 C. At first sight, the OPC as well as S50 mortars are
clearly subjected to mass changes. But the actual mass change
depends a lot on the cation and on the presence of chlorides.
For OPC the largest mass decrease, 26.5%, was measured after
616 days immersion in a single sodium sulphate solution (Ref. 1)
at 20 C, while a mass increase of only 1% is measured after immer-
sion in the sodium sulphate plus sodium chloride solution. For the
other mixtures, the effects due to immersion in those particular
solutions are not that distinct.
On the other hand, the degradation effect due to immersion in
magnesium sulphate with or without presence of sodium chloride
at 20 C is limited for OPC and HSR. Moreover, the observed trends
during immersion in both solutions are equal. But for S50 a clear
mass decrease is measured when immersed in Comb. 2, its mass
loss after 620 days is in the same order of magnitude as the mass
loss for OPC after storage in Ref. 1, namely 26.4%.
Fig. 7 gives an overview of the mass changes per mortar mix-
ture, when immersed in the different test solutions stored at 5 C.
In general the mass loss after 620 days immersion is less at 5 C
than at 20 C. In most cases, storage at 5 C does not lead to severe
mass loss. However, it is remarkable that specimens stored at 5 C
are especially subjected to mass loss when immersed in a solution
of magnesium sulphate with added sodium chloride. This phe-
nomenon is observed regardless the binder type. Furthermore,
the mass loss due to immersion in this solution at 5 C is more than
at 20 C, except for S50. Nevertheless, S50 is still the most vulner-
able to damage due to immersion in Comb. 2.
In addition, it seems that storage in a solution of sodium sul-
phate combined with chlorides at 5 C does not lead to a mass
increase during the 620 days immersion time for any mixture, as
it was when stored at 20 C.4. Discussion
Overall, OPC mortar shows the lowest resistance against sul-
phate attack. However, BFS mortar is most vulnerable in the case
that chlorides are added to a magnesium sulphate solution.
Concerning mortar resistance against magnesium sulphate it is
clear that it depends on the storage temperature on the one hand
and on the chloride addition on the other hand. Immersion in a sin-
gle solution leads to quite high mass losses for OPC which are inde-
pendent of the environmental temperature. The resistance of HSR
and BFS in these environmental conditions is rather good. For
HSR cement, this is in accordance with the findings of Al-
Dulaijan [37], who noticed enhanced sulphate-resistance in mor-
tars with HSR Portland cement and in mortars with OPC blended
with either silica fume or fly ash. Similar to deterioration due to
sodium sulphate attack, the presence of chlorides at 20 C (slightly)
mitigates the mass loss for OPC and HSR due to magnesium sul-
phate attack. On the other hand, the presence of chlorides in the
magnesium sulphate solution at 20 C gives rise to a totally differ-
ent behavior for BFS mortar. It is remarkable that BFS mortar is
subjected to the highest mass loss after storage in this particular
solution. This has also been observed by Ganjian and Pouya [38].
The mass losses are in the same order of magnitude as the mass
loss for OPC after storage in sodium sulphate at 20 C. Moreover,
exposure to magnesium sulphate with added sodium chloride at
5 C causes significant mass losses for OPC and S50 as well as for
HSR, all in the same order of magnitude. Combined attack at 5 C
is more severe than the single magnesium sulphate attack at
5 C. The latter finding is in accordance with the findings of
Abdalkader et al. [27], they observed the same phenomenon by
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Table 3
Deterioration at the end surfaces of mortar cubes, exposed to Na2SO4 and Na2SO4 + NaCl solutions for 616 days at 20 C and 5 C.
Mix 50 g/l Na2SO4 50 g/l Na2SO4 + 50 g/l NaCl
Storage temperature: 20 C
OPC
HSR
S50
Storage temperature: 5 C
OPC
HSR
S50
636 M. Maes, N. De Belie / Construction and Building Materials 155 (2017) 630–642means of mass changes and visual inspections for similar test solu-
tions but with lower concentrations.
4.1. Discussion based on visual inspection
After 616 days immersion in sodium sulphate solutions, a visual
inspection was performed (Table 3). From the visual inspection it
becomes clear that the deterioration in sodium sulphate solution,
Ref. 1 and Comb. 1, is mainly due to cracking and spalling of the
outermost layers. The OPC samples immersed in the 50 g/l Na2SO4
solution stored at 20 C were clearly deteriorated. The visual dete-
rioration of the OPC specimens stored in the combined Na2SO4+-
NaCl solution at 20 C as well as HSR mortar stored in the single
sulphate solution is rather negligible, however, some small cracks
were observed. In addition, neither the HSR samples stored in the
combined solution nor the BFS samples show deterioration.
Similar observations are done for the specimens stored in
sodium sulphate solutions at 5 C. Notwithstanding slightly more
deterioration is observed for OPC and HSR after storage in the com-
bined solution at 5 C compared to 20 C.
The fact that OPC stored in a single sodium sulphate solution at
5 C seems more deteriorated than OPC stored in the same solution
at 20 C, would be in accordance with literature where some
researchers assume that thaumasite is formed at low temperatures
causing more disintegration [39]. However, this assumption was
not confirmed by means of the mass change measurements. Never-
theless, it should be kept in mind that Ramenzanianpour and Hoo-
ton [39] found that opening up of the microstructure, caused by
extensive cracking of the samples at the early stages is prerequisite
for the formation of thaumasite. This could indicate that thauma-site formation and consequently deterioration will occur at later
ages.
Next, the specimens stored in single and combined magnesium
sulphate solutions at 20 C or 5 C, are also visually analysed. The
results of the visual inspection are shown in Table 4. From Table 4
it becomes clear that BFS specimens exposed to combined
MgSO4+NaCl solutions at 20 C are most susceptible to deteriora-
tion. The OPC and HSR samples also show some visual damage,
however, not to the same level as S50 after immersion in the com-
bined solution. Immersion in the single MgSO4 solution at 20 C
causes less visual deterioration for S50 than in the combined solu-
tion. In addition, the OPC and HSR samples show similar damage in
the single solution as in the combined solution. In general, the
deterioration due to storage in the singlemagnesium sulphate solu-
tion is rather limited and independent of the binder type. These
findings are in accordance with the findings based on the mass
change measurements.
Regarding the visual damage after exposure to MgSO4 solutions
at 5 C, it is clear that the cubes are not characterised by much
deterioration. It seems that OPC is slightly more vulnerable to
crumbling. The latter is also found based on the mass changes.
The most distinct visual deterioration is observed during immer-
sion in the combined MgSO4+NaCl solution, at an environmental
temperature of 5 C. Besides, all the mixtures show a similar
amount of damage but less than the damage for S50 stored in
the combined magnesium sulphate solution at 20 C. In general,
the visual observations confirm the results obtained by means of
mass change measurements.
Furthermore, it is also noticed that the deterioration caused
by immersion in MgSO4 solutions, Ref. 2 and Comb. 2, is mainly
Table 4
Deterioration of mortar cubes, used for mass change measurements, exposed to MgSO4 and MgSO4 + NaCl solutions for 620 days at 20 C and at 5 C.
Mix 42.5 g/l MgSO4 42.5 g/l MgSO4 + 50 g/l NaCl
Storage temperature: 20 C
OPC
HSR
S50
Storage temperature: 5 C
OPC
HSR
S50
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Fig. 8. XRD-profiles for OPC after 6 months immersion in Ref. 1 at 5 C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T) and Gypsum (G).
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were spalled, was mushy, while the core was still solid and
sound. This is different from the mechanism in Na2SO4
solutions.
4.2. XRD-analysis
In the profiles shown in Figs. 8–14, the peaks belonging to
quartz and zincite (internal standard for the Rietveld analysis)
are eliminated (topped). These peaks are found at [20.85 2h;
26.65 2h; 50.14 2h] and [31.75 2h; 34.44 2h; 36.25 2h], respec-
tively. It should be noted that interference with peaks of the quartzpresent in the mortars prevented doing a reliable Rietveld analysis.
Nevertheless, quantitative comparisons between different profiles
were made based on the peak intensity. Quantitative XRD results
of cement paste samples (water/binder = 0.45) with the same bin-
ders have been reported earlier for the cases of single sodium sul-
phate and combined sodium sulphate with sodium chloride attack
at 20 C [1].
Fig. 8 shows the profile for OPC after storage in Ref. 1 at 5 C.
The other mixtures are not analysed for Ref. 1 since OPC is the only
mixture for which significant deterioration is observed based on
the mass change measurements as well as based on the visual
inspection.
Fig. 9. XRD-profiles of Ettringite (E) and Thaumasite (T).
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Fig. 10. XRD-profiles for OPC after 6 months immersion in Comb. 1 at 5 C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), Gypsum (G) and Friedel’s salt (F).
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Fig. 11. XRD-profiles measured for OPC and S50 after 6 months immersion in Ref. 2 at 20 C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), Gypsum (G) and
Brucite (B).
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phate solution at 20 C, mainly ettringite and gypsum are found.
The peaks characterizing these phases are distinguished clearly.In addition, a small fraction of thaumasite is observed, although,
this phase is not as clear as gypsum and ettringite. One of the rea-
sons why it is difficult to identify thaumasite is because the char-
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Fig. 12. XRD-profiles measured for OPC and S50 after 6 months immersion in Comb. 2 at 20 C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), Gypsum (G)
and Brucite (B).
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Fig. 13. XRD-profiles measured for OPC after 6 months immersion in Ref. 2 at 5 C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), Gypsum (G) and
Brucite (B).
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becomes clear in Fig. 9.
Next, the phase identification by means of XRD for an OPC sam-
ple out of Comb. 1 at 5 C is shown in Fig. 10.
The main reaction products found in OPCmortar after storage in
a combined sodium sulphate and chloride solution at 5 C are
ettringite and gypsum with the possible presence of thaumasite.
In addition, Friedel’s salt is identified as well since chlorides were
able to penetrate the mortar. Furthermore, a large amount of Port-
landite is still present in the mortar.
When the peak intensities of the latter two XRD-profiles are
compared (Fig. 8 and Fig. 10), it is clear that the amount of ettrin-
gite is quite similar. But the amount of gypsum significantly
changes in function of the host solution. When chlorides are pre-
sent, the amount of gypsum decreases. Furthermore it can be seen
that the amount of Portlandite increases which could indicate
reduced binding.
In general, the findings after storage in a single or combined
sodium sulphate solution at an environmental temperature of
5 C are in accordance with those after storage at 20 C, with the
difference that a small amount of thaumasite could be identified
with more certainty after storage at 5 C. However, based on the
decreased mass change it can be stated that if thaumasite is pre-
sent, it has no distinct influence on the attack mechanism. In ourprevious article [1] quantitative XRD results could be obtained on
cement paste samples for the case of single sodium sulphate attack
at 20 C. Here, concentrations of gypsum and ettringite amounted
to 18.4% and 34.0% for OPC and to 4.1% and 25.9% for S50, respec-
tively. Furthermore, the ettringite fraction in OPC samples was
clearly influenced by the presence of chlorides in the solution. In
OPC specimens, the formation of gypsum and ettringite decreased
to 1.8% and 17.9%, respectively. While the amounts in the S50 sam-
ples remained comparable in presence of chlorides, with 4.6% gyp-
sum and 22.7% ettringite. Focusing on the samples from the single
sodium sulphate solutions and comparing the peak intensities to
those obtained earlier [1] it is clear that the peak intensity is less
at 5 C which means that the amount of reaction products is less
at 5 C. This confirms the obtained results, namely reduced deteri-
oration due to decreasing temperatures.
Fig. 11 shows the XRD-profiles for OPC and S50 after 6 months
immersion in Ref. 2 at 20 C while Fig. 12 shows similar profiles for
Comb. 2 at 20 C.
Regarding phase changes inducing deterioration due to single
magnesium sulphate attack at an environmental temperature of
5 C, the results of the XRD analysis are given in Fig. 13. Only the
profile for OPC mortar is shown since S50 and HSR have only lim-
ited/negligible deterioration. The main phases present are ettrin-
gite and gypsum as well as less identifiable thaumasite and
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Fig. 14. XRD-profiles measured for OPC, HSR and S50 after 6 months immersion in Comb. 2 at 5 C, with indication of Portlandite (P), Ettringite (E), Thaumasite (T), Gypsum
(G), Brucite (B) and Friedel’s salt (F).
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similar or in some cases slightly lower than in sodium sulphate
solutions at 5 C. This confirms the findings obtained by means of
the mass change measurements where only limited differences
were observed.
As mentioned, also the presence of a brucite fraction can be
confirmed by peak analysis, however, it is only a very small
amount. This is due to the thickness of the investigated layer,
which was between 3 and 5 mm. Since brucite is only found at
the surface, the amount will be averaged over the total sample.
The presence of brucite can indicate the formation of an imperme-
able surface layer which could cause a decrease in total amount of
expansive reaction products.
At last, Fig. 14 shows the XRD-profiles of OPC, HSR and S50 mor-
tar samples stored in the combined solution Comb. 2 at 5 C. Based
on the mass change measurements, the samples exposed to the
combined magnesium sulphate and sodium chloride solution
resulted in the most remarkable results. All of the mixtures expe-
rienced an equal, significant mass decrease. Furthermore, the mass
decreases are higher than in every other tested condition with
magnesium sulphate. The phases identified for OPC are in accor-
dance with the phases found after storage in the single magnesium
sulphate solution, mainly ettringite and gypsum together with
thaumasite. The brucite fraction cannot be identified which does
not mean that it is not present. Besides, Friedel’s salt is identified
as well.
Nevertheless, clear differences are observed regarding the peak
intensities. As it was also seen at 20 C, the ettringite content is
slightly lower in the combined solution than in the single magne-
sium sulphate solution. This is probably due to competition
between SO42 and Cl to bind with the C3A phases. On the other
hand, a significantly increased amount of thaumasite is observed.
So, this could indicate that ettringite transforms to thaumasite.
The presence of these phases indicates the higher vulnerability to
deterioration. Furthermore the residual portlandite fraction is
lower after storage in Comb. 2 at 5 C than after storage in Comb.
1 at 5 C (peak intensity factor 2), indicating a higher binding ratio.
In addition, the amount of gypsum is equally present in all mortars.The reason why BFS mortar suffers more deterioration can be
attributed to the absence of a large portlandite fraction. If enough
portlandite is present, it reacts with magnesium sulphate in order
to form brucite which results in an insoluble blocking surface layer.
Because of this, CSH is protected. Notwithstanding, when BFS is
used as binder, magnesium sulphate can attack the CSH phase
immediately by decomposing it to MSH (which is non-crystalline
and therefore could not be identified in XRD). This is a non-
cementitious, mushy material which is observed during the visual
inspection. According to the XRD analysis, small fractions of bru-
cite were only found in OPC and HSR wherein also portlandite
was found.
The influence of chlorides intensifying the magnesium sulphate
attack can be attributed to an increased thaumasite formation.
Abdalkader et al. [39], also found that the presence of low chloride
concentrations accelerates mortar damage caused by thaumasite
formation. In their research, both XRD and infrared spectra confirm
that thaumasite formation (thaumasite-ettringite solid solutions)
is responsible for the deterioration observed due to magnesium
sulphate attack at 5 C. Also a higher intensity of gypsum and the
absence or limited amount of portlandite were observed in Port-
land cement samples subjected to combined magnesium sulphate
and chloride solutions at 5 C. According to Abdelkader et al. [39],
the chance of the dissolution of portlandite increases at lower tem-
perature. However, in current research, the latter statement is not
noticed in the combined sodium sulphate and chloride solution
stored at 5 C but only in the combined solution with magnesium
sulphate. This would result in a rapid reaction with sulphate ions
to form gypsum and brucite, both of which were identified in the
degradation products. The very low solubility of brucite would
cause a reduction in pH so that ultimately CSH becomes more vul-
nerable to sulphate attack as well. This process appeared to occur
more rapidly in specimens immersed in combined magnesium sul-
phate and chloride solutions, which showed higher deterioration
rate. However, Sotiriadis et al. [40], who used similar (combined)
magnesium sulphate solutions at 5 C as used in current research,
assume that thaumasite attack is mitigated due to the presence
of chlorides since chlorides penetrate faster into the cementitious
M. Maes, N. De Belie / Construction and Building Materials 155 (2017) 630–642 641material inhibiting the attack of sulphates on the CSH. They also
say that chlorides limit magnesium sulphate attack due to the
increased dissolution of portlandite and due to the increased solu-
bility of ettringite as well as thaumasite in chloride bearing sul-
phate solutions. Nevertheless, since portlandite reacts with
chlorides as well, sulphates will still react with CSH. This reaction
leads to an increased thaumasite and MSH content. Due to the dif-
ferent opinions in literature, it seems appropriate to investigate
this complex degradation mechanism more in detail in the future.
Nevertheless, many parameters will have to be taken into account
in order to clarify all aspects of this combined attack mechanism.
In the end, the statement made by Al-Amoudi et al. [26] about
the influence of chlorides on sulphate attack can be adapted and
refined. They said that there are three possible schools of thought
with regard to the influence of chlorides on sulphate attack: 1) the
sulphate attack mechanism is intensified, 2) sulphate attack is mit-
igated, and 3) the influence is insignificant. Based on current
research it seems that these are not just three possible schools of
thought, these are the three real categories of chloride effects on
sulphate attack: 1) the sodium sulphate attack mechanism is mit-
igated, regardless the temperature, 2) the magnesium sulphate
attack mechanism is not significantly influenced at 20 C, except
for BFS mortar, 3) the magnesium sulphate attack mechanism is
intensified at 5 C and for BFS mortar.
5. Conclusions
It is concluded that the influence of chlorides on sulphate attack
is not straightforward. In general, it is assumed that chlorides mit-
igate or delay the sulphate attack mechanisms. But previous [1]
and current research points out that this statement is only valid
for sodium sulphate attack and not for magnesium sulphate attack.
Especially at low environmental temperatures and when slag is
used as partial cement replacement different effects occur, more
specifically instead of mitigating the deterioration, chlorides do
aggravate it.
For sodium sulphate attack at low temperatures, following con-
clusion is drawn:
& Low environmental temperatures (5 C) slow down the sodium
sulphate attack mechanism. However, when chlorides are pre-
sent at the low temperatures slightly more deterioration is
observed than at 20 C. Nevertheless, the differences are
negligible.
With regard to magnesium sulphate attack the following is
concluded:
& The effect of chlorides on magnesium sulphate attack changes
in function of the environmental temperature and the binder
type.
& At an environmental temperature of 20 C, chlorides have no
effect on deterioration due to magnesium sulphate attack in
ordinary and high-sulphate resistant Portland cement mortar.
The small amounts of deterioration can be attributed to the for-
mation of gypsum and ettringite.
In case that BFS is used as partial cement replacement, the dete-
rioration rate increases significantly when exposed to a magne-
sium sulphate host solution with added chlorides. So,
concerning BFS mortar, chlorides have an intensifying effect
on magnesium sulphate attack at an environmental tempera-
ture of 20 C due to absence of a protecting brucite layer and
decomposition of CSH to MSH.
& A temperature decrease from 20 C to 5 C does not influence
single magnesium sulphate attack. The mass change staysequal, damage looks similar and the amount of reaction prod-
ucts does not change.
& Contrarily, at an environmental temperature of 5 C, the pres-
ence of chlorides in a magnesium sulphate environment causes
increased deterioration, regardless the binder type.
Combined attack of magnesium sulphate and chlorides at low
temperatures yields a significant increase in deterioration of
cementitious materials with OPC and HSR as binder compared
to the deterioration at 20 C. In addition for materials contain-
ing BFS as a cement replacement, the deterioration slightly
decreases compared to the deterioration at 20 C.
Notwithstanding, the amount of damage in an environment
containing magnesium sulphate and chlorides at 5 C is equal
for mortar with all tested binders and is quite severe.
In general it seems that chlorides mitigate sulphate attack when
ettringite and gypsum are the main reaction products causing
deterioration. When thaumasite is formed due to sulphate attack,
chlorides induce an increased deterioration.Acknowledgements
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